INTRODUCTION
double-lumen catheter (DL-AS-040; Braintree Scientific, MA, USA) was inserted into 140 the heart through an incision in the left ventricle. Arterial perfusion was immediately 141 performed with carbogen-gassed, heparinized (10-20 U/L) Ringer's solution containing 142 Ficoll-PM70 (1.26%; Sigma-Aldrich, Tokyo, Japan), an oncotic agent, at 26 o C. 143 Subsequently, an incision was made in the right atrium. After the resumption of 144 spontaneous breathing, at ≤ 5 min from the initiation of perfusion at 26 o C, the muscle 145 relaxant d-tubocurarine (2 µM; Sigma-Aldrich) was added to the perfusate to induce 146 immobilization. The Ringer's solution was composed of (mM); 125 NaCl, 3 KCl, 24 147 NaHCO 3 , 1.25 KH 2 PO 4 , 1.25 MgSO 4 , 2.5 CaCl 2 , and 10 glucose, equilibrated with 95% 148 O 2 and 5% CO 2 , pH 7.4, at 25-27˚C. Using a peristaltic pump (model 323U pump, 149 model 318MC pump head; Watson-Marlow, Wilmington, MA, USA) to generate the 150 perfusion flow, the perfusate was pumped from a reservoir flask into the aortic arch 151 8 through a bubble trap and a nylon net filter, and then recycled from the recording 152 chamber back to the reservoir. The flow rate was set above 5× the total blood volume 153 (TBV) per minute at 26 o C, with TBV calculated using 1/13 of the body weight as 154 measured in grams. The left phrenic nerve was detached from the pulmonary pleura and 155 cut at the distal end. Although bradycardia was pronounced at the initiation of 156 perfusion, ventricular fibrillation never developed. Suction electrodes constructed of 157 polyethylene tubing (PE 50; Becton, Dickinson and Company, Franklin Lakes, NJ, 158 USA) were used to record neuronal discharge from the left phrenic nerve. 159 Cinnamaldehyde, which was added to the perfusate, was applied to the (perfused) 160 preparation with systemic perfusion.
162
Immunofluorescence and in situ hybridization 163 The following primary antibodies were used for the immunofluorescence 164 staining: rabbit anti-TRPA1 (1:400 dilution, Novus Biologicals, Littleton, CO, USA), 165 and guinea pig anti-Phox2b (1:1000 dilution) (Onimaru et al. 2008) . The secondary 166 antibodies for the fluorescence staining (1:1000 dilution) were Alexa Fluor 546 167 anti-rabbit IgG (Molecular Probes/Invitrogen, Carlsbad, CA, USA), and Alexa Fluor 168 633 anti-guinea pig IgG. Images of immunofluorescent samples were obtained with 10× 169 or 20× magnification on an Olympus FV1000 confocal microscope or a conventional 170 fluorescence microscope (BX60, Olympus, Tokyo, Japan).
171
In situ hybridization was performed on brainstems isolated from three 172 independent Wistar rat neonates. The brainstem was isolated and further fixed at 4°C in 173 fixation solution for 1 -2 h. Samples were immersed in 18% sucrose/HBSS (Hank's 174 Balanced Salt Solution), embedded in optimal cutting temperature (OCT) compound 175 9 (Sakura Finetek, Torrance, CA), then frozen on dry ice, and cut into 20-μm-thick 176 cryosections. Partial cDNAs of rat Trpa1 (nucleotide number 2451-3378 of 177 NM_207608) was obtained by an RT-PCR using rat brain total RNA, subcloned into 178 pGEM-T easy Vector (Promega, Madison, WI), confirmed by sequencing and used as a 179 riboprobe template. In situ hybridization was performed as described previously with a The initial data analyses were performed using the LabChart 7 Pro software 187 program (ADInstruments, Castle Hill, Australia). To assess the effects of drugs on C4 or 188 phrenic nerve activity, the burst rate (bursts/min) was calculated from the mean rate for 189 3-5 min. The burst amplitude and duration of C4 activity were averaged from 5-10 190 consecutive respiratory cycles. An analysis of the consecutive time course of change in 191 the respiratory rate was performed by the peak analysis program of LabChart 7 Pro.
192
Data are presented as the mean ± SD for all preparations. Next, the significance of 
RESULTS

198
First, we determined the lowest concentration (i.e. around 0.1-0.2 mM) of 199 10 cinnamaldehyde to cause significant effects on respiratory activity in the 200 brainstem-spinal cord preparation. Bath-application of 0.2 mM induced reversible 201 facilitation of the respiratory rhythm (bursts/min, n = 6); 5.1 ± 2.0 in control, 8.1 ± 1.9 202 in 15 min cinnamaldehyde (P < 0.05) and 6.1 ± 1.3 in 20 min washout (not significant 203 in comparison with control). In higher concentrations (0.5 or 1 mM), the effects were 204 not reversible. Fig induced typically biphasic responses in C4 rate: an initial short increase (0.5-2 min) and 208 a subsequent decrease followed by the gradual recovery of rhythm during 15 min bath 209 application. After washout, the rate of respiratory rhythm increased and remained at 210 approximately 190% of control for more than 120 min (Fig. 2Ab, c) . The group data 211 (Table 1) indicate a decrease of burst duration and peak amplitude together with a 212 significant increase of C4 rate after 90 min washout. This C4 rate phenomenon is 213 referred to as, "long-lasting facilitation of respiratory rhythm."
214
To elucidate whether the rostral medulla, including the pFRG, is involved in 215 the induction of long-lasting facilitation, the effects of cinnamaldehyde were examined 216 in caudal preparations in which the rostral medulla was removed at the level between 217 line b and c of Fig. 1 . Caudal preparation that harbored only the caudal region of the 218 pFRG showed a lower burst rate than was observed in standard preparation. The 219 application of cinnamaldehyde did not induce long-lasting facilitation or initial transient 220 excitation in these preparations (Figs. 2B and 3A, n = 4), but induced a strong C4 tonic 221 (non-respiratory, short burst like) discharge of around 10 Hz (Fig. 2Bc ), similar to that 222 in the standard preparation. the facilitated rhythm began to return toward the control level; i.e. the normalizing of 227 the inspiratory rhythm began earlier with the antagonist pre-treatment than without the 228 antagonist pre-treatment. 229 We also examined the effects of another TRPA1 agonist, allyl isothiocyanate.
230
Allyl isothiocyanate (0.5 mM, n = 5) induced an initial short decrease (0.5-2 min) and 231 subsequent increase of C4 burst rate during 15 min bath application. Similar to the 232 effects of cinnamaldehyde, the rate of respiratory rhythm remained at approximately 233 200% of control for more than 90 min after washout (long-lasting facilitation) ( Fig. 3B ).
234
The long-lasting effects of cinnamaldehyde were antagonized by pre-treatment with 10 235 μM HC-030031 (n = 3, Fig. 3B , open triangles).
236
Since our results suggested that the rostral medulla, including the pFRG, was 237 important in the induction of long-lasting facilitation, we examined the effects of 238 cinnamaldehyde on Pre-I neurons, which are a major component of the rostral pFRG. 239 We recorded a total of 5 Pre-I neurons. The application of cinnamaldehyde (15 min) 240 depolarized three of 5 Pre-I neurons by 6-8 mV but hyperpolarized the other two 241 neurons by -3 or -6 mV. Fig. 4A shows an example of a Pre-I neuron recording in the 242 rostral parafacial region (0.5 mm rostral to the caudal end of facial nucleus). The firing 243 initially changed to a tonic pattern ( Fig. 4Ac ) and then restored rhythmic burst pattern 244 with washout ( Fig. 4Ad ). This neuron was located in the rostral pFRG and was 245 identified as Phox2b-positive by immunofluorescence staining after recording ( Fig. 4a') .
246
Two other Pre-I neurons that were depolarized by application of cinnamaldehyde 247 showed a similar change of burst pattern to that which is shown in Fig. 4A . The firings 248 of two other neurons that were hyperpolarized tended to be depressed (data not shown).
249
The averaged membrane potential (n = 5) was -48.4 ± 3.0 mV in control, -45.8 ± 9.2 250 mV (not significant vs control) at 15 min application and -45.0 ± 5.3 mV (not 251 significant vs control) at 20 min washout. We also examined the membrane potential 252 change of inspiratory neurons (n = 5) in the caudal pFRG ( Fig. 4B ), which is located at corresponded to the timing of C4 bursts with a one-to-one manner. 258 We examined the effects of cinnamaldehyde on respiratory activity in arterially 259 perfused in situ rat preparation (P11-13, n = 5). Cinnamaldehyde (0.5 mM) induced 260 typically biphasic responses in phrenic burst rate: an initial short increase (0.5-2 min) 261 and subsequent decrease followed by the gradual recovery of rhythm during 15 min 262 bath application ( Fig. 5A ). After washout, the rate of respiratory rhythm increased and 263 remained at approximately 250% of control for more than 120 min. Thus, a very similar 264 response to in vitro preparation from newborn rat was observed in this preparation (Fig. 265 5B). Regarding other parameters, only the peak value decreased significantly at 15 min 266 application ( Table 2) . 
304
Long-lasting facilitation of phrenic nerve activity was also induced in a decerebrate and 305 arterially perfused in situ preparation of juvenile rat (P11 -13), indicating that this 306 phenomenon is not specific to the en bloc preparations from neonatal rats and that it 307 could be also observed in other (more retained) types of preparations from more 308 developed animals. Our histochemical analysis using antibodies and mRNA for TRPA1 In conclusion, we found that TRPA1 agonists induced the long-lasting 368 facilitation of respiratory rhythm in brainstem-spinal cord preparation from newborn 369 rats. The TRPA1 channels were expressed in the rostral medulla which is involved in 370 respiratory rhythm generation. Although the cellular mechanisms and physiological 371 meaning remain to be clarified, our findings provide the grounds for future study on the 372 functional roles of the TRPA1 channels in the central nervous system. for 15 min (Aa-1). The C4 burst rate was initially increased and then decreased with a 537 partial recovery (i.e. biphasic responses). Cinnamaldehyde also induced a strong tonic 538 (non-respiratory) discharge in C4. After washout, the C4 rate gradually increased (Aa-2).
539
The higher frequency activity remained for more than 120 min after washout (Ab, c).
540
This phenomenon was thus called, "long-lasting facilitation." B, In the caudal 541 preparation in which the rostral medulla was removed at the level of 0.2 mm rostral to 542 the caudal end of the facial nucleus (see also Fig.1 ). Cinnamaldehyde (0.5 mM) induced 543 an initial decrease of the C4 burst rate followed by a partial recovery (Ba-1, a-2), responses in the phrenic burst rate: an initial short increase (0.5-2 min) and a subsequent 593 decrease followed by the gradual recovery of rhythm during 15 min bath application 594 (black bar). After washout, the rate of respiratory rhythm increased and remained at 595 250% of control for more than 120 min (long-lasting facilitation). Note that this was a 596 very similar response to that which was observed in in vitro preparation from newborn 597 rats (Fig. 3A) . Solid squares (time control) denote the time-dependent changes of the 598 phrenic burst rate of the control preparation without the application of the drug (n=5). 
